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Methods. To examine the importance of the bacteriological component in TB transmission, we investigated the number of tuberculin skin test-positive (TST induration, >10 mm) contacts and secondary cases observed in contact investigations around TB cases in relation to the size of the genotype cluster the patient belonged to at the time of diagnosis. We also compared the number of TST-positive contacts and secondary cases of patients with drug-resistant and drug-susceptible TB.
Results. Larger clusters were independently associated with an increased number of positive contacts. The mean number of positive contacts ranged from 3.8 for clusters of 2 cases, to 4.7 for clusters of 3-10 cases, to 6.0 for cases in clusters of .10 cases (mean increase in number of positive contacts for every extra case in the cluster, 0.21; 95% confidence interval, 0.09-0.26). The mean number of positive contacts was significantly lower among index cases with isoniazid-monoresistant TB (1.6) than among index cases with pan-susceptible TB (4.6; relative number, 0.45; 95% confidence interval, 0.22-0.92).
Conclusion. These results suggest that spread of tuberculosis also depends on bacteriological factors.
Contact investigation using tuberculin skin tests (TST) aims at identifying of recently tuberculosis (TB)-infected contacts and offering them preventive treatment. The number of people recently infected by a source (index) case is associated with the age and social behavior of the source case as well as the sputum smear status and site of TB disease [1] [2] [3] [4] . Sputum smearpositive patients with pulmonary TB, who produce airborne infectious droplets during cough, are much more infectious than patients with smear-negative or extrapulmonary TB [1, 2] . In molecular epidemiological studies in Western countries, risk factors such as alcohol and drug abuse, homelessness, urban residence, and young age are the major factors influencing the growth of DNA fingerprint clusters [3, 4] . Long-term DNA fingerprint surveillance in several settings has shown that some clusters expand to .100 cases in 1 decade, whereas others are aborted in a relatively short period of time [4] [5] [6] . Although host and environmental risk factors play a significant role in transmission [7] , mycobacteriological factors may also account for differences in transmissibility [8] [9] [10] . However, this is difficult to determine in a reliable and structural way. For instance, strain CDC 1551 caused a major outbreak of TB in the states of Tennessee and Kentucky and has spread much more readily than regular strains, although patient risk factors may also have played a role [8] . Similar observations were made with a strain involved in the ''Harlingen'' outbreak in the Netherlands in the early 1990s. Although the initial index case was diagnosed after an extended diagnostic delay, which has favored the spread of TB [11] , the transmission cycle continued from the early 1990s until 2008, and the cluster has grown to 104 cases, suggesting that the Harlingen strain is more successful in causing additional cases than most other strains. In the Netherlands, the DNA fingerprints and drug susceptibility profiles of virtually all Mycobacterium tuberculosis strains that caused TB since 1993 are known, and contact investigations around source cases have been routinely performed. This provides a unique opportunity to determine whether the number of TST-positive contacts and secondary cases found in contact investigation around a newly diagnosed TB case is associated with the size of the DNA fingerprint cluster the patient belongs to at the time of diagnosis or with the resistance profile of the causative bacteria. Such an association would suggest that not only host characteristics influence cluster size and number of infected contacts but that bacterial characteristics also contribute to the degree of TB transmission.
METHODS

Study Population
During the period January 1993-December 2005, a total of 19,180 people were diagnosed with TB in the Netherlands, 13,533 of whom had a M. tuberculosis-positive culture. Of these cultures, 13,339 were subjected to DNA fingerprinting: 5950 cases (44.6%) were unique, and 7389 (55.4%) belonged to a cluster. Because we did not have information on contact investigations performed around patients with unique M. tuberculosis strains, we excluded these from the analyses. Of the 7389 clustered patients, 6,131 (83%) were matched successfully to patient information in the Netherlands Tuberculosis Register (NTR, KNCV Tuberculosis Foundation, The Hague). Contact tracing was performed for 3765 (61%) of these patients.
Bacille Calmette-Guérin (BCG) vaccination may affect interpretation of TST result as a measure of TB [12] . In the Netherlands, there is no routine BCG vaccination program. The estimated prevalence of infection is 0.5% in the indigenous Dutch population born after 1950 [13] . This makes the TST a suitable tool for detection of recent M. tuberculosis infection in contact investigations in the Dutch-born population [14, 15] . Among the foreign-born inhabitants, BCG vaccination is frequent and the prevalence of infection is higher; therefore, TST screening of foreign-born contacts is not routine. Because foreign-born TB patients often have foreign-born contacts and contact tracing in this group is less efficient, we excluded all foreign-born source cases (n 5 2257) from our study. Because transmission of TB almost exclusively results from patients with pulmonary TB, we also excluded patients with extrapulmonary TB (n 5 255).
Finally, 1253 pulmonary TB patients born in The Netherlands were included in the analysis.
Conventional Contact Investigation
Systematic contact investigation by TB Public Health Services is conducted according to the ''stone in the pond'' principle, in which the decision to extend conventional contact investigation to the next ring of contacts is based on the prevalence of infection in the current ring [16] . Contacts are defined depending on the frequency and intimacy of their contact with the TB index case. The TST is used to investigate presumably exposed contacts and if the number of TST-positive contacts in the first ring suggests a high degree of spread of tuberculosis, a subsequent, larger ring of contacts is investigated. A positive TST is defined as an induration of >10 mm. In a TST-positive contact or in contacts presenting with TB symptoms, chest radiography and, in case of a productive cough, sputum examination are performed to diagnose active TB disease. We have defined positive contacts as contacts with a TST induration >10 mm and/or contacts who receive a diagnosis of TB. If contact investigations become very large, the probability that identified TB infections and secondary cases are not related to the index case increases. This was seen in the Netherlands in 2005 when the majority of detected TB infection cases in a large-scale contact investigation including .21,000 customers of a supermarket were due to remote infection and thus not related to exposure to the index case [17] . To minimize the probability that positive contacts in our research were not related to the defined index case, we only included contacts in the first ring around the index patient. First-ring contacts are defined as close contacts in terms of physical distance from the index patient, taking into account environmental factors, such as room size, degree of ventilation, air purification, and air circulation. In addition, the patient and the contact have to be able to indicate where they have met, and there must be a long-standing relationship to qualify the contact as a first ring contact [18] . Examples of first-ring contacts are household members, close work colleagues, and close friends of all ages.
DNA Fingerprinting and Drug Susceptibility Testing
M. tuberculosis isolates recovered from all patients with cultureconfirmed TB were subjected to IS6110 and polymorphic GC rich sequence restriction fragment-length polymorphism (RFLP) typing [19] . Isolates with identical RFLP patterns were assigned to a cluster of cases. Drug susceptibility testing was performed as described elsewhere [20] .
Data Collection
DNA fingerprints for all M. tuberculosis complex isolates were stored in a RFLP database at the National Institute for Public Health and the Environment (RIVM; Bilthoven) since 1993. This database also contains information on cluster status and drug susceptibility profiles. Demographic dataand clinical information for patients were obtained from the NTR. Contact investigation results from 1993 to 2005 were provided TB Public Health Services across the country. Because these data and patient information from the NTR are anonymous, DNA fingerprinting results from the RIVM were linked on the basis of sex, date of birth, year of diagnosis and postal code.
Statistical Analysis
If a patient infects many contacts, this might lead to a large cluster size. To exclude the possibility that this might influence the observed association between cluster size and number of infected contacts and secondary cases, we defined cluster size of index patients as the cluster size at the date on which the index patient had TB diagnosed.
First, the number of investigated contacts and the number of positive contacts observed in contact investigations was described by characteristics of the index case and the causative bacteria. The number of positive contacts was highly skewed to the right, with many contact investigations yielding 0 or 1 positive contacts. As a result, the median number of positive contacts was not very distinctive which is why the mean number is given in the results. The number of investigated contacts was skewed as well but without many 0 or 1 investigated contacts so the median number of investigated contacts is given in the results. Taking into account the skewed distribution, we assessed associations between putative patient and bacteria-related risk factors for transmission and the number of positive contacts in the first ring by means of a negative binomial regression model. Standard errors were calculated using the maximum likelihood estimation method to take into account overdispersion [21] .
To account for the skewed distribution of cluster size at the time of the contact investigation, it was transformed by using the reciprocal of (cluster size 1 1). This normalized value of cluster size was used in the regression model. The increase in mean number of positive contacts for every extra case in a cluster was therefore calculated using the formula e . To account for the skewed distribution of the number of investigated contacts, this variable was also normalized by using its reciprocal before it was entered in the multivariate analysis.
In the regression model, we included host demographic factors, host behavioral factors, and sputum smear status. Variables with a P value <.20 in univariate analysis were entered into a multivariate model. Because there were significant differences in the number of investigated contacts between different categories within variables, the model was adjusted for the number of investigated contacts. Furthermore, the model was adjusted for observed duration of a cluster (ie, time in years since diagnosis of the first case of the cluster), because clusters that are present for a longer time have had more time to grow and thus may be larger than clusters that are newly emerging. The final model was constructed by backward elimination of variables, comparing the fit of subsequent models with the -2-log likelihood test. We selected the most parsimonious model.
By defining cluster size as the size of the RFLP cluster at the date on which the index patient received a diagnosis of TB, RFLP clusters present in our database were split up in different clusters, each defined at the date of diagnosis of the index patient. To look into the relationship between genotype and transmission from a different point of view, we performed an additional analysis comparing the dispersion in the number of positive contacts per index case within clusters to the dispersion between clusters. In this analysis we included all clusters with .5 index cases present in the Netherlands during the period 1993-2005, independent from the diagnosis dates of the index cases belonging to these clusters.
SPSS software for Windows, version 16.0 (SPSS Inc), was used for statistical analyses.
RESULTS
A total of 5509 positive contacts (5103 TST-positive contacts and 406 secondary TB cases) were found in the first ring of contact investigation around 1253 pulmonary TB index cases (Table 1) .
In univariate analysis, the number of positive contacts found in contact investigations was significantly positively associated with cluster size at the time of diagnosis of the index case and significantly negatively associated with isoniazid (INH) resistance. The mean number of positive contacts from individual patients ranged from 3.8 for cases in clusters of 2 cases, 4.7 for clusters of 3-10 cases, to 6.0 for cases in clusters of .10 cases. The mean number of positive contacts was significantly lower in patients with INH-monoresistant TB (1.6) than for patients with pan-susceptible TB (4.6) ( Table 1) . Significantly more positive contacts were found in contact investigations around young adult index cases than for those centered around children and older people, males than for females, and in people living in rural areas of the Netherlands than for people living in urban settings. Human immunodeficiency virus (HIV)-infected patients, patients with drug addiction, and patients with a negative sputum smear result had fewer positive contacts than did HIVuninfected patients, those without drug addiction, and sputum smear-positive patients, respectively.
In multivariate analysis, all variables significantly influencing the number of positive contacts univariately remained statistically significant in the final model, except for HIV status and drug abuse.
The number of investigated contacts per index case was significantly associated with the number of positive contacts in both univariate and multivariate analysis. Significantly fewer contacts were investigated among urban residents (P , .01), persons with drug addiction (P 5 .03), HIV-infected patients (P 5 .01), and patients with a negative sputum result (P , .01) than for rural residents, those without drug addiction, HIV-uninfected patients, and sputum smear-positive patients, respectively. Furthermore, there was a significant difference in number of investigated contacts between index cases of varying ages (P 5 .02). Cluster size was positively and independently associated with the number of positive contacts. The mean increase in number of positive contacts for every extra case in the cluster at the time of diagnosis of the index case was 0.21 (95% confidence interval, 0.09-0.26), and monoresistance to INH was associated with a reduced number of positive contacts (relative number, 0.45; 95% confidence interval, 0.22-0.92). The results of univariate and multivariate analyses are displayed in Table 1 .
Over the entire study period, 33 clusters with .5 index cases were present. In 67% of the cases, the standard deviation in the number of positive contacts per index case within clusters was smaller than the between cluster standard deviation.
DISCUSSION
Studies of the bacteriological factor in transmission of TB have only recently become possible through the introduction of molecular typing techniques. After adjustment for host and disease factors that might influence the number of positive contacts around an index case, we found that cluster size at the time of diagnosis was independently associated with the number of positive contacts around an index case. Newly diagnosed index cases in a larger RFLP cluster infected more people than did newly diagnosed cases in smaller clusters. This implies that clusters through the years not only grow because of well-known patient risk factors for TB transmission, but that M. tuberculosis strains causing larger clusters, independent from patient risk factors, on average generate more positive contacts. This suggests that a bacteriological component underlies DNA cluster size and the extent of transmission of TB. This idea is further strengthened by the finding that the dispersion in number of positive contact per index case was greater between clusters than within clusters. Strains with a similar RFLP pattern show more similarity in extent of transmission than strains with different RFLP patterns. This finding has important implications for future contact tracing and studies of pathogenesis. Given that individual patients in larger clusters are likely to have infected more people, it would be advisable to not only report the DNA fingerprint cluster the patient belongs to, but also the size of the cluster he or she represents; for larger clusters, there is a higher chance the patient has already infected a relatively large number of contacts and extra effort should be put into identification and examination of all possible contacts. With the recently introduced new standard typing method, 24-loci variable number of tandem repeat typing [22] , which is polymerase chain reaction based, TB Public Health Services can be informed at an earlier stage about the cluster a patient belongs to as this technique has a shorter turnaround-time than the formerly used RFLP typing, which requires well-grown cultures and a high quantity of purified DNA. Kik et al [3] showed that TB outbreaks in the Netherlands can be predicted by characteristics of the first 2 cases in a cluster and identified predictive factors of large clusters. Our analysis suggests that besides patient characteristics, taking cluster size into account in decision making on the intensity of contact tracing might enhance efficiency of contact investigations.
The impact of drug resistance on the transmissibility and virulence of M. tuberculosis is poorly understood [23] . The prevailing view is that resistant strains are attenuated and less virulent than drug-susceptible strains [24] [25] [26] . INH-resistant M. tuberculosis strains exhibit low virulence in guinea pig and murine models [27, 28] . This view is challenged by studies that showed no correlation between the degree of drug resistance of clinical isolates and their capacity to multiply in cultured macrophages [29, 30] . Our multivariate analysis showed that INHresistant strains are less transmissible than susceptible ones. This confirms reports from earlier molecular epidemiological studies in which INH resistance was found to be a negative risk factor for clustering [25, [31] [32] [33] , although an American study showed no association between INH resistance and infection risks to contacts [34] . Our results indicate that resistance of bacteria in a source case reduces the transmission rate of these bacteria to contacts. In fact, this suggests that although the problems with the worldwide emergence of drug resistance are growing [35] , a possible worldwide expansion of the population of drugresistant bacteria in comparison with drug-susceptible strains might be limited by a significantly lower transmissibility. It is, however, not clear whether this observation in a low-prevalence area can be translated to the situation in high-prevalence areas where emerging strains of, for instance, the Beijing genotype determine the TB epidemic [36] .
The effect of age on transmission in multivariate analysis showed that most positive contacts were from young adults (age, 20-39 years old). This is in agreement with DNA fingerprint surveillance data showing that spread of disease mainly occurs from young people to other young people [37] and with other European and US studies showing that clustering rates are lower in older people [3, 6, 34, 38, 39] . This is normally attributed to a lower number of social contacts as people get older. However, the general age of retirement is 65 years, and the mean age at which women have their first child in the Netherlands is 29.4 years [40] . This indicates that, in the age range of 40-64 years, a lot of people have children, are regularly working, and have many social contacts. This is supported by Mossong et al [41] , who investigated the number of reported contacts in 7290 participants from several European countries. People aged 40-59 years did not have significantly fewer contacts than people aged 20-39 years in this cross-sectional survey. Although we observed a significant difference in investigated contacts between people of varying ages, this difference was no longer significant when eliminating persons aged >65 years from this analysis (P 5 .08). Therefore, we speculate that the lower number of infected contacts with increasing age may be explained by a lower virulence of bacteria from endogenous reactivation cases, compared with recently transmitted bacteria.
The number of investigated contacts around an index patient depends on the effort of TB Public Health Services and on the willingness and capacity of index patients to identify possible contacts. The low number of investigated contacts in urban residents compared with rural residents might be related to the latter. It is imaginable that patients are less willing or able to recall a large part of their contacts in a more anonymous urban setting than in a rural setting, where social contact networks are closer. Another explanation would be that the mean number of people per household in cities is lower than in rural areas, leading to fewer household contacts. In a developed country like the Netherlands, close contact may be reduced among city dwellers, unlike the situation in developing countries where a large number of people live in peri-urban slums. The low number of investigated contacts for persons with drug addiction than for those without drug addiction can be explained by difficulties in including contacts of drug-addicted persons in a contact investigation.
In the Netherlands, men who have sex with men form the largest group among HIV-infected people [42] . HIV-infected patients may feel social barriers concerning homosexuality or HIV-related stigma and, therefore, identify fewer contacts. The lower number of investigated contacts around sputum smearnegative patients could be explained by selection at the side of the TB Public Health Services. Historically, studies have shown contacts of smear-positive persons to be more likely to have a positive TST result than are contacts of smear-negative persons, and it is widely believed that patients with a negative sputum result are less infectious than are those with positive smear results [43, 44] . However, in the Netherlands, patients with smear-negative, culture-positive TB are responsible for 13% of TB transmission [1] . TB-control efforts should not take sputum smear status of the index patient into account when contact investigations are performed.
In conclusion, applying DNA fingerprinting to all isolates found in a 12-year period and combining these DNA fingerprint data with contact investigation results, we demonstrated that a bacteriological component contributes significantly to the extent of cluster growth and TB transmission: some M. tuberculosis strains are more successful in causing increased transmission and large clusters than others. Worldwide different genotype families, such as the Beijing, the Haarlem, and the East-African Indian clades, have been identified based on particular spoligotype patterns. Unfortunately, we only had spoligotype information on a minority of the strains from index patients included in this study and could therefore not yet determine possible associations between genotype families and rate of transmission. Additional research using larger cohorts and structural phylogenetic typing should therefore build on our observation.
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